ABSTRACT Peroxisome proliferatior-activated receptor-γ (PPARγ) is a transcription factor that modulates lipid and glucose metabolism in mammals. The aim of the present study was to investigate whether chicken PPARγ is expressed in tissues in a similar manner to mammalian PPAR and whether it is involved in the regulation of lipid metabolism, particularly in the regulation of fat accumulation in adipose tissue and ovaries. In 30-wk-old chickens, PPARγ mRNA was detected in most tissues that were examined. Of those tissues expressing chicken PPARγ mRNA, the lowest expression levels were found in adipose tissue, the tissue that in mammals was shown to express the highest levels of PPARγ mRNA. Chicken PPARγ mRNA expression in abdominal adipose tissue tended to increase with age, as shown by higher expression levels at 6 wk than at 1 and 2 wk of age. With regard to nutritional modulation, PPARγ mRNA levels in abdominal adipose tissue were significantly higher in
INTRODUCTION
Peroxisome proliferatior-activated receptor gamma (PPARγ) is a member of the nuclear receptor superfamily. PPARγ is expressed in many cell types, including adipocytes, epithelial cells, endothelial cells, and smooth muscle cells, and in many tissues (Spiegelman, 1997; Clark et al., 2000; Law et al., 2000) . In mammals, peroxisome proliferation-activated receptors (PPAR) regulate gene expression by binding as heterodimers with retinoid X receptors to peroxisome proliferation response elements in the promoter regions of target genes (Kliewer et al., 1992; Tontonoz et al., 1994a) . PPAR ligands, such as thiazolidinediones, 15-deoxy-12,14-prostaglandin J2, 9-and 13-monohydroxyoctadecadienoic (HODE) acids, and linoleic acid (Forman et The peroxisome proliferator-activated receptor gamma cDNA sequence was registered with DDBJ (DNA data bank of Japan). The accession number is AB045597. 2 To whom correspondence should be addressed: akiba@bios. tohoku.ac.jp.
1342
broiler chickens fed for 7 d a diet containing 8% safflower oil (18:2-rich) or linseed oil (18:3-rich) compared with chickens fed a diet containing olive oil (18:1-rich). In contrast, feeding a 3% cholesterol-supplemented diet for 7 d resulted in no changes to adipose PPARγ mRNA expression. In broiler chickens orally administered troglitazone, a PPARγ ligand, abdominal fat pad weight and PPARγ and lipoprotein lipase (LPL) mRNA levels were significantly increased relative to those of control chickens. Levels of PPARγ mRNA in liver, skeletal muscle, and ovaries were increased with the onset of egg laying, whereas in adipose tissue the level of PPARγ mRNA was decreased. These findings suggest that PPARγ plays an important role in the regulation of fat deposition and egg production and the characteristic pattern of PPARγ mRNA expression may be indicative of specific differences in the lipid and glucose metabolism of chickens compared with mammals.
al., 1995), mediate regulation of adipocyte differentiation and lipid metabolism (Kubota et al., 1999; Rosen et al., 1999) . PPARγ is therefore an important transcription factor during adipogenesis. In addition, Rosen et al. (1999) reported from their studies of mice that were chimeric for wild-type and PPARγ null cells, that PPARγ null cells showed little or no contribution to adipose tissue, whereas most other organs examined did not require PPARγ for the proper development. These findings suggest that PPARγ is essential for the formation of fat cells and tissues in mammals.
We previously demonstrated that lipoprotein lipase (LPL) in abdominal adipose tissue plays a crucial role in fat accumulation in broiler chickens . However, LPL mRNA expression in growing chickens is less responsive to aging and nutritional manipulation than in mammals (Sato and Akiba, 2002) , indicating species-specificity in the regulation of fat deposition in broiler chickens. Recently, there were a few reports that PPARγ modulates LPL gene expression in mammalian adipose tissue (Kageyama et al., 2003) . It seems likely then that the regulation of fat deposition in chickens may be related to the expression and activation of PPAR, especially of PPARγ.
In laying hens, developing oocytes have been identified as a characteristic site for fat deposition (Schneider et al., 1998) . High plasma levels of lipids in laying hens reflect the significant demand for yolk lipids by the growing oocytes, single cells that contain as much as 5 g of lipid (yolk lipid) in the form of plasma-borne lipoproteins. Considering that PPAR are involved in the regulation of lipid metabolism, expression of these transcriptional factors may be significantly augmented during oocyte growth in laying chickens. The gene encoding chicken PPARγ, which shows 89% sequence conservation with the human gene, has been cloned (Takada et al., 2000) . However, there is no evidence that PPARγ plays a role in modulation of fat deposition and egg production in chickens. In this present study, we therefore investigated whether nutritional state and administration of PPARγ ligands modulate PPARγ mRNA expression and fat deposition in abdominal adipose tissue and ovaries in layer and broiler chickens.
MATERIALS AND METHODS

Birds
Male broiler (Ross strain) 3 and female layer (White Leghorn) 4 chickens were housed individually in wire cages in a room with controlled temperature (25 ± 3°C) and fed a commercial diet before the commencement of experiments. The Animal Care and Use Committee of the Graduate School of Agricultural Science of Tohoku University approved all procedures.
Isolation of PPARγ from Broiler Chickens
For broiler chicken mRNA analysis, full length PPARγ cDNA was isolated from a broiler chicken abdominal adipose tissue cDNA library that had been constructed in the pBluescript II (SK+) vector with poly (A)+ RNA, which was originally isolated from chicken adipose tissue. We obtained a cDNA library with 70,000 independent clones. The chicken PPARγ partial cDNA probe was prepared by PCR from chicken adipose tissue cDNA, using sense and antisense primers (sense: 5′-TACATAAAGTCCTTCCCTC-TGACC-3′; antisense: 5′-TCCAGTGCATTGAACTTCA-CAGC-3′) corresponding to nucleotides 136 to 566 of the chicken PPARγ partial gene sequence (GenBank AF309648). High-stringency hybridization of the probe to the membrane was performed. Prehybridization was carried out for 3 h at 42°C in 50% (vol/vol) formamide, 4 × 3 Matsumoto Hatchery, Zao, Japan.
4
Iwaya farm, Miyagi, Japan.
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BcaBEST Labeling kit, Takara Co., Tokyo, Japan. saline-sodium phosphate-EDTA buffer (SSPE, 1 × SSPE = 150 mM NaCl and 8.65 mM NaH 2 PO 4 , pH 7.4), 5 × Denhardt's solution (1 × Denhardt's solution = 0.02% polyvinyl pyrrolidione, 0.02% Ficoll, 0.02% BSA), 1% SDS, and salmon sperm DNA (100 µg/mL). The membranes were hybridized with the same solution at 42°C for 16 h using 32 Plabeled probes primed with random hexanucleotides. 5 The membranes were washed once with 4 × saline sodium citrate (SSC, 1 × SSC = 150 mM NaCl and 15 mM trisodium citrate) containing 0.1% SDS at room temperature, and 3 times with 1 × SSC containing 0.1% SDS at 60°C. Following this, the membrane was exposed to Kodak XAR5 film at −80°C for 24 h. By screening 5.0 × 10 4 clones, we obtained respective positive clones. DNA sequencing was performed by the dideoxynucleotide sequencing method (Sanger et al., 1977) on a LI-COR model 4000LS DNA sequencer.
Northern Blot Analysis
Total RNA was prepared using Trizol reagent, 6 separated by electrophoresis on a 1.5% agarose gel, transferred to a Zeta-probe nylon membrane, 7 and then crosslinked to the membrane with UV light. High-stringency hybridization was performed. Prehybridization was carried out for 3 h at 63°C in 4 × SSPE, 5 × Denhardt's solution, 1% SDS, and salmon sperm DNA (100 µg/mL). The membrane was hybridized with 32 P-labeled chicken PPARγ cDNA probe (which corresponded to nucleotides 664 to 978, AB045597) in the same solution at 63°C for 16 h. After stripping the PPARγ probe from the membrane, the membrane was hybridized with chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA probe (which corresponded to nucleotides 400 to 942, GenBank AF047874) to confirm the integrity of the chicken total RNA. The membrane was washed once with 4 × SSC containing 1% SDS at room temperature and twice with 1 × SSC containing 0.1% SDS at 60°C. The signals were detected and quantified using a Molecular Imager, 8 which allowed direct counting of radiation emitted by the 32 P-labeled cDNA probes that hybridized to the target RNA.
Detection of PPARγ mRNA (Experiments 1, 2, 3, 4, and 5)
Experiment 1: Abdominal adipose fat pads were collected from 1-, 2-, 4-and 6-wk-old male broiler chickens for analysis of PPARγ mRNA expression (n = 4 in each age).
Experiment 2: Three-week-old chickens received semipurified diets differing in fat sources (80 g of fat/kg): olive oil (18:1-rich), safflower oil (18:2-rich), or linseed oil (18:3-rich) for 7 d as described previously (Sato and Akiba, 2002) (n = 4 in each group). The chickens were then killed for collection of abdominal adipose fat pads.
Experiment 3: Three-week-old male broiler chickens received a basal diet (CP 21%, crude fat 4%, ME 3,000 kcal/ kg diet), or 3% cholesterol-supplemented diet (cholesterol added to basal diet at 3%) for 7 d (n = 4 in each group). The chickens were then killed for collection of abdominal adipose fat pad. FIGURE 1. Tissue distribution of chicken peroxisome proliferatoractivated receptor-γ (PPARγ) mRNA by Northern blot. Total RNA (30 µg) prepared from various chicken tissues was hybridized with a PPARγ cDNA probe (A) and visualized using Molecular Imager FX (Bio-Rad Laboratories, Hercules, CA). After being stripped, the membrane was rehybridized with a chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe (B).
Experiment 4: Two-week-old male broiler chickens were orally administered with troglitazone 9 (50 mg/kg of BW per d), a PPARγ ligand, for 3 wk, and then abdominal adipose fat pads were collected (n = 4 in each group).
Experiment 5: Liver, adipose tissue, skeletal muscle (pectoralis superficialis), and ovaries were collected from l6-wkold (growing), 19-wk-old (immediately before egg laying), and 30-wk-old (laying hen) female layer chickens (n = 4 in each age) and used for analysis of PPARγ mRNA expression to investigate whether expression of PPARγ is associated with egg production in chickens.
Statistical Analysis
The SAS Applications package 10 was used for statistical calculations. Group data for multiple comparisons were analyzed by ANOVA using the GLM procedure, followed by Duncan's multiple range test to test for differences. The level of significance used in all studies was P < 0.05.
RESULTS
Identification and Tissue Distribution of Chicken PPARγ
Broiler chicken PPARγ cDNA (full length cDNA at the GenBank server, # AB045597) was found to be composed of 2,089 base pairs and predicted to encode a 475-amino acid protein that contains the ligand binding domain and c4 zinc finger domain of nuclear hormone receptors. The deduced amino acid sequence was 97% identical to previously isolated chicken PPARγ sequence (Takada et al., 9 Sankyo Pharmaceuticals, Tokyo, Japan. Different letters indicate a significant difference (P < 0.05).
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. PPARγ mRNA was expressed in most tissues in 30-wk-old chickens, and adipose tissue, spleen, lung, and pancreas yielded the lowest levels (Figure 1 ).
Changes in mRNA Expression of PPARγ in Abdominal Adipose Tissue of Broiler Chickens
Age-Dependent Changes in PPARγ mRNA Expression (Experiment 1). The PPARγ mRNA expression in abdominal adipose tissue of male broiler chickens was significantly higher at 6 wk than at 1 and 2 wk of age (Figure 2) . (Experiments 2 and 3) . The PPARγ mRNA expression levels in chickens fed a triacylglycerol diet enriched in oleic acid (18:1) were significantly lower than those in chickens fed a triacylglycerol diet enriched in linoleic acid (18:2) or in linolenic acid (18:3) ( Figure  3A) . In contrast, expression levels of PPARγ mRNA were equivalent for chickens fed for 7 d on basal and 3% cholesterol-supplemented diets ( Figure 3B ).
PPARγ mRNA Expression in Abdominal Adipose Tissue of Chickens fed Mono Acid-Rich Diets or a Cholesterol-Supplemented Diet
PPARγ mRNA Expression in Abdominal Adipose Tissue of Chickens Orally Administered Troglitazone (Experiment 4). Adipose fat pad weight was significantly higher in chickens orally administered troglitazone than Different letters indicate significant difference (P < 0.05).
for the control chickens ( Figure 4A ), whereas BW and feed intake were unchanged. Expression of PPARγ tended to be higher in chickens administered troglitazone for 3 wk than in control chickens ( Figure 4B ). Lipoprotein lipase mRNA expression was significantly increased by troglitazone administration compared with controls ( Figure 4C ). 
Changes in PPARγ mRNA Expression in Various Tissues of Chickens After Onset of Laying
Levels of PPARγ mRNA in liver, skeletal muscle, and ovaries increased when chickens were in lay (30 wk of age) compared with those before lay (10 and 20 wk), whereas the levels in adipose tissue decreased ( Figure 5 ).
DISCUSSION
Agonists, such as fatty acids, prostaglandin D2 metabolite 15-deoxy-12,14-prostaglandin J2, and thiazolidinedi- Different letters indicate significant difference (P < 0.05).
one, were extensively used in studies that aimed to elucidate the function of PPARγ in mammals. This led to an understanding of the function of PPAR in adipogenesis (Spiegelman, 1997) and insulin sensitization (Lehmann et al., 1995) , although these are not the only roles of PPAR . In peripheral monocytes and macrophages, PPARγ agonists are reported to inhibit production of inflammatory cytokines (Spiegelman, 1998) and to stimulate lipid metabolism . Furthermore, PPARγ ligands can induce differentiation and apoptosis in breast and prostate cancer cells (Kubota et al., 1998; Pighetti et al., 2001 ) and choriocarcinoma cells (Keelan et al., 1999) . These findings suggested that PPARγ plays important roles in cell differentiation, lipid storage, and energy metabolism. This suggestion is substantiated by the discovery that PPAR-deficient null embryos die at approximately embryonic day 10 (Barak et al., 1999) . Although the chicken PPARγ gene has been cloned, the function of PPARγ in chickens has not yet been defined. In this report, the role of PPARγ in chickens was studied and the effects of age, nutrition, and agonist administration on PPARγ mRNA expression were analyzed.
In the present study, PPARγ mRNA levels in abdominal adipose tissue were significantly higher in 6-wk-old chickens compared with 1-and 2-wk-old chickens (Figure 2) . Griffin et al. (1987) reported that the growth of abdominal fat pads in broiler chickens increases rapidly between 1 and 4 wk of age and remains high up to 10 wk of age. In addition, we previously reported that expression of mRNA encoding abdominal adipose tissue LPL, a protein that plays a key role in fat deposition in chickens, is higher at 4 to 8 wk than at 2 wk of age. Gene expression of LPL in adipose tissue is enhanced by PPARγ in mammals (Kageyama et al., 2003) . Therefore, these findings suggest that the synthesis and translation of chicken PPARγ mRNA in adipose tissue is involved in fat accumulation, which is accompanied by an increase in LPL mRNA expression. This hypothesis may be supported by the observation that abdominal adipose tissue weight of troglitazone-treated chickens was increased relative to that of untreated chickens due to stimulation of PPARγ activity and increases in LPL mRNA levels (Figure 4) . In humans, PPARγ mRNA levels in omental fat tissue have been reported to be higher in obese subjects compared with nonobese subjects (Lefebvre et al., 1998) . Taken together, the evidence supports the conclusion that PPARγ plays a crucial role in fat deposition in chickens.
Chicken PPARγ mRNA was detected in most tissues of 30-wk-old (mature) chickens, however the lowest levels of this mRNA were observed in abdominal adipose tissue (Figure 1 ). In mammals, PPARγ is highly expressed in adipose tissue, but it is not abundant in skeletal muscle (Vidal-Puig et al., 1996) . These results may indicate that PPARγ function in chickens, which has not yet been defined, is not equivalent to the function of PPARγ in mammals. Unfortunately, an acceptable explanation for specificity in the tissue distribution of PPARγ in chickens is currently lacking. One possibility is that differences between aves and mammals in lipid and glucose metabolism are related to the specific tissue distribution of PPARγ observed in the present study.
There are many reports that PPARγ levels are affected by dietary fat content and composition. The exposure of mice to a high fat diet increased adipose tissue expression of PPARγ (Vidal-Puig et al., 1996) . Chambrier et al. (2002) reported that eicosapentaenoic acid (EPA) significantly increased PPARγ mRNA levels in isolated human adipocytes, but that linolenic acid, docosahexaenoic acid, and ω-6 polyunsaturated fatty acids had no such effect. In the current study, chicken PPARγ levels were moderately affected by dietary fatty acid composition: PPARγ expression in chickens fed linoleic acid was higher than in those fed oleic acid, but was not affected by dietary cholesterol supplementation (Figure 3) . These results suggest that chicken PPARγ mRNA expression, and possibly activation of PPARγ, might be modulated by nutritional states in a similar manner to mammals.
In mammals, PPARγ is present in 2 isoforms, PPARγ1 and PPARγ2, generated by alternative promoter usage; PPARγ2 has an additional 30 N-terminal amino acids relative to PPARγ1 (Tontonoz et al., 1994b) . In the present study, identification of PPARγ1 and 2 was performed by screening of a chicken adipose tissue cDNA library, with the aid of 5′-RACE (rapid amplification of cDNA ends) reactions. The full length PPARγ1 cDNA was isolated from a broiler chicken abdominal adipose tissue cDNA library. However, although all clones and PCR products generated were sequenced, none of the sequences showed the structure of PPARγ2. Furthermore, a PPARγ2-like sequence was not found in chicken expressed sequence tag (EST) databases (http://www.chick.umist.ac.uk/). These results suggest that chickens might be deficient in PPARγ2. The chicken genome project may help to clarify whether PPARγ2 is present in chickens.
The PPAR have been found in bovine (Sundvold et al., 1997) , rat (Braissant et al., 1996) , and human (Lambe and Tugwood, 1996) ovaries. In mice, loss of the PPAR gene in oocytes and granulosa cells has been shown to result in impaired fertility. These mice have normal populations of follicles, ovulate, and develop corpora lutea (Cui et al., 2002) , suggesting that PPARγ plays an important role in oocyte quality. In the current study, we have demonstrated that PPARγ mRNA expression in chicken ovaries was increased with the onset of egg laying ( Figure 5 ). The mechanism involved in the stimulation of PPARγ mRNA expression in chicken ovary is not known, but this report is the first that PPARγ is involved in follicle development in avian species.
In conclusion, the tissue distribution and response to nutritional modulation of chicken PPARγ mRNA expression was characterized. Moreover, our findings that PPARγ gene expression in adipose tissue and ovaries was increased in response to troglitazone administration and with the onset of egg laying, respectively, improve the understanding of the cellular mechanisms involved in fat metabolism in chickens.
